The precise mechanism underlying the conversion of normal prion protein (PrP C ) into abnormal prion protein (PrP Sc ) remains unclear. Protein misfolding cyclic amplification (PMCA), an in vitro technique used for amplifying PrP Sc , results in PrP Sc replication that preserves the strain-specific characteristics of the input PrP Sc ; thus, PMCA mimics the process of in vivo PrP Sc replication. Previous work has demonstrated that in PMCA, nucleic acids are critical for PrP Sc amplification, but little information has been reported on glycosaminoglycan (GAG) participation in PrP Sc replication in vitro. Here, we investigated whether GAGs play a role in the faithful replication of PrP Sc by using a modified PMCA performed with baculovirusderived recombinant PrP (Bac-PrP) as a substrate. The addition of heparan sulfate (HS) or its analog heparin (HP) restored the conversion efficiency in PMCA that was inhibited through nucleic acid depletion. Moreover, the PMCA products obtained under these conditions were infectious and preserved the properties of the input PrP Sc . These data suggest that HS and HP play the same role as nucleic acids in facilitating faithful replication of prions in PMCA. Furthermore, we showed that HP binds to both Bac-PrP and Bac-PrP Sc through the sulfated groups present on HP and that the N-terminal domain of Bac-PrP Sc might potentially not be involved in the binding to HP. These results suggest that the interaction of GAGs such as HS and HP with PrP C and/or PrP Sc through their sulfate groups is critical for the faithful replication of prions.
Prions are unique proteinaceous infectious agents that are considered to be the cause of transmissible spongiform encephalopathies, including scrapie in sheep, bovine spongiform encephalopathy (BSE) 2 in cattle, and Creutzfeldt-Jakob disease in humans (1) . Prions consist primarily of a pathogenic form (PrP Sc ) of the normal cellular prion protein (PrP C ), and PrP Sc appears to propagate itself through the autocatalytic conformational conversion of PrP C (2) . Although the mechanism of PrP C conversion into PrP Sc remains unclear, host cofactors have been suggested to be necessary for efficient replication of PrP Sc (3, 4) ; various biological molecules, such as nucleic acids (5) (6) (7) (8) , glycosaminoglycans (GAGs) (9 -12) , lipids (13, 14) , and proteins (15) (16) (17) , have been reported to act as cofactors for PrP C conversion into PrP Sc .
Protein misfolding cyclic amplification (PMCA) is an in vitro technique for amplifying undetectable amounts of PrP Sc to levels detectable using common methods, such as Western blotting (WB) (18 -21) . PrP Sc propagated using PMCA retains the properties of the input PrP Sc , suggesting that PMCA mimics the in vivo replication of PrP Sc (22) . Therefore, PMCA has been used in studies investigating the PrP Sc replication mechanism and the cofactors involved in the replication (23, 24) . Deleault et al. (5, 25) demonstrated that RNA and DNA stimulated the in vitro conversion of PrP C into PrP Sc , and the Ma group (8) showed that synthetic phospholipids and RNA spontaneously generated infectious PrP Sc in PMCA performed using bacterial recombinant PrP (recPrP) as the substrate. Furthermore, we showed that both RNA and DNA were crucial for the faithful replication of mouse-adapted prions in PMCA performed using baculovirus-derived recombinant PrP (Bac-PrP) (26) . Thus, available data strongly suggest that nucleic acids promote PrP Sc replication in PMCA, although whether nucleic acids are involved in prion replication in vivo is unknown.
GAGs, like nucleic acids, are polyanions, and GAGs function in brain development and are critical determinants of brain structure and function (27) (28) (29) (30) . The GAG heparan sulfate (HS) localizes at amyloid plaques in the brains of humans and animals with prion disease (31) and Alzheimer's disease (32) , and HS is suggested to be involved in the pathogenesis of amyloidosis. Furthermore, sulfated glycans were found to alter PrP C cellular localization and stimulate PrP C endocytosis in cultured cells (33) , suggesting that GAGs serve as a cellular receptor for both prion uptake and cell infection. PrP Sc accumulation also influences the metabolism of GAGs and results in their accumulation and secretion in urine (34) . Furthermore, sulfated GAGs containing HS stimulate the conformational change of PrP C into a PrP Sc -like proteinase K (PK)-resistant form even in a cell-free conversion assay (9, 12) . Thus, GAG involvement in prion disease pathogenesis and PrP C conversion into PrP Sc has been widely reported (35) (36) (37) , but whether GAGs promote PrP Sc replication in PMCA, which mimics in vivo prion replication, is unknown.
We hypothesized that GAGs might play a similar role as nucleic acids in PMCA because GAGs are also polyanions and because GAGs contribute to critical molecular events in the pathogenesis of prion diseases and to both in vivo and in vitro PrP Sc replication. Therefore, we investigated whether GAGs were involved in PrP Sc replication by a modified PMCA performed using partially purified Bac-PrP as the PrP substrate; we denoted this as insect-cell PMCA (iPMCA). In iPMCA, PK-and heat-treated insect cell lysates were used as the conversion enhancer instead of brain homogenates (BHs), and iPMCA enabled PrP Sc propagation that preserved the strain characteristics of the input PrP Sc . We showed that HS and its analog heparin (HP) restored the amplification of Bac-PrP Sc retaining the strain characteristics of the input PrP Sc when amplification was blocked through nucleic acid depletion. Furthermore, HP bound to both Bac-PrP and Bac-PrP Sc through its sulfate groups, and the degree of HP sulfation affected the conversion of Bac-PrP into Bac-PrP Sc .
Results

GAGs Did Not Affect Bac-PrP Conversion into a PK-resistant
Form (Bac-PrP res ) in the Presence of Nucleic Acids-To determine whether GAGs were involved in the conversion of Bac-PrP into Bac-PrP Sc in iPMCA (26), we first investigated whether treatment of PK-and heat-treated cell lysate (PHCL), which contains the cofactors necessary for Bac-PrP Sc conversion, with GAG-degrading enzymes influences the activity inducing Bac-PrP conversion into Bac-PrP res . Electrophoretic separation of PHCL and Alcian blue staining of gels revealed that PHCL contains GAGs (NT; Fig. 1A ). Furthermore, we found that most of the GAGs in PHCL were digested following treatment with chondroitinase ABC, which digests chondroitin sulfates (CSs), chondroitins, and hyaluronic acid (HA), but not after treatment with heparinase II, which digests HS and HP (Ch and Hp; Fig. 1A ). The results of control experiments demonstrated that chondroitinase ABC and heparinase II efficiently digested purified CSB and HP, respectively, under the iPMCA reaction-buffer condition. These results suggested that PHCL contained CSs, such as CSA, CSB, and CSC, but not HS and HP. Furthermore, treatment of PHCL with both chondroitinase ABC and heparinase II did not affect Bac-PrP conversion into Bac-PrP res in iPMCA in which the reaction mixtures were seeded with ME7 strain prions and mouse-adapted BSE (mBSE) prions (Ch and Hp; Fig. 1B) ; however, treatment with benzonase, which digests both DNA and RNA, efficiently inhibited the conversion, as reported previously (26) . Next, we investigated how the addition of GAGs into the iPMCA reaction mix-ture affects Bac-PrP conversion into Bac-PrP res (Fig. 1C ) and found that none of the seven types of GAGs added independently of the reaction mixtures increased the conversion efficiency. Therefore, we speculated that the presence of a large amount of nucleic acids in PHCL masked the effect of each GAG treatment on Bac-PrP res conversion and that the nucleic acids played a key role in the conversion in iPMCA because the amount of GAGs included in PHCL was insufficient to stimulate the conversion.
Certain GAGs Enhanced the Conversion Efficiency Suppressed by Nucleic Acid Depletion-To directly test whether the nucleic acids present in the iPMCA reaction mixtures masked the effects of the GAGs, we examined how GAGs influenced Bac-PrP res conversion in iPMCA under nucleic acid depletion by using three prion strains, ME7, mBSE, and Chandler. In accordance with our previous work (26) , benzonase treatment lowered the conversion efficiency and precluded sequential amplification (NA; Fig. 2 ), and the addition of synthetic poly(A) (PA) to the reaction mixtures completely restored the conversion ( Fig. 2) . When HP and GAGs except for HP were added at 10 and 100 g/ml to the nucleic acid-depleted reaction mixtures, all of the GAGs enhanced the efficiencies of first round conversion relative to the basal level (NA; Fig. 2 ), although the effect of HA and keratan sulfate was very weak. The addition of HS or HP enabled sequential amplification of Bac-PrP res under nucleic acid-depleted conditions in the case of all three prion strains, but for the sequential amplification, HS was required at a 10-fold higher concentration than HP (50-fold in the case of ME7). This quantitative difference in the effects on conversion could be attributed to the distinct degrees of sulfation. All CSs tested were incapable of maintaining ME7-seeded sequential amplification; however, in the case of mBSE, CSA promoted at least five rounds of Bac-PrP res amplification but did not maintain the amplification until the 10th round, and, by contrast, CSB and CSC enabled sequential amplification. Last, for Chandler, all CSs facilitated Bac-PrP res amplification until the fifth round but could not maintain the amplification until the tenth round, although CSB added at 500 g/ml enabled 10 rounds of amplification of the Chandler-seeded iPMCA products (500CSB). These results suggest that the effects of CSA, CSB, and CSC on conversion depended on the prion strains.
Sulfate Groups on HP Are Critical for Bac-PrP res Amplification-GAG length and degree of sulfation were previously reported to affect the conversion of PrP C or recPrP into PrP Sc (9, 10, (35) (36) (37) (38) . Therefore, to examine the relative effects of GAG length and sulfation degree on Bac-PrP conversion into Bac-PrP res , we added chemically modified HPs to iPMCA reaction mixtures under nucleic acid-depleted conditions (Fig. 3A) . We selected HP for this experiment because structurally modified forms are obtained from only HP. Low molecular mass HPs (lane 5; Ͻ3 kDa), which are composed of ϳ8 monosaccharide units, induced conversion to the same extent as normal HP (lane 4; 17-19 kDa), but disaccharided HP (lane 6; 0.7 kDa) had lost this ability. These results suggested that a chain length of ϳ8 saccharide units is adequate for stimulating the conversion, but a disaccharide unit cannot induce Bac-PrP conversion into Bac-PrP res . Next, we investigated the effects of sulfate groups on HP. De-N-sulfated (DeN) HP, which completely lacks N-sulfation, and de-O-sulfated (DeO) HP, which completely lacks O-sulfation, exhibited a weak but clearly detectable conversioninducing activity (lanes 7 and 8) in both ME7 and mBSE strains. The converting activity of DeN HP was slightly stronger than that of DeO HP, which suggested that O-sulfation is more effective than N-sulfation in promoting Bac-PrP conversion into Bac-PrP res . Conversely, N-acetyl-de-O-sulfated (NaDO) HP, which completely lacks O-sulfation and in which N-sulfation is markedly diminished, was less active than DeN HP and DeO HP (lane 9), and the activity measured was equivalent to that obtained with the addition of either no HP (lane 2) or heparinase II-treated normal HP (lane 10). To quantify the effects of desulfated HPs on the conversion, PMCA was performed with various amounts of desulfated HPs added under the nucleic acid-depleted condition (Fig. 3B ). In the case of normal HP, the activity peaked when it was added at 10 -20 g/ml in the case of both ME7 and mBSE strains, and the conversion rates were higher than those measured in the PMCA performed in the presence of nucleic acids (open circles); however, the conversion activity of normal HP was decreased when it was added at Ͼ50 g/ml. By contrast, the activity of DeN HP in the ME7 and mBSE strains peaked at 500 and 100 g/ml, respectively, although the conversion rates measured at these concentrations were also higher than the rates of the PMCA performed in the presence of nucleic acids (filled triangles). In the case of DeO HP, the highest activities were observed at 1000 g/ml in both ME7 and mBSE strains, but the conversion rates were ϳ65% of the rate in PMCA performed in the presence of nucleic acids (filled circles); however, the conversion rates measured with DeO HP might be increased at concentrations Ͼ1000 g/ml. Last, with NaDO HP, the conversion rates were almost equivalent to those of PMCA performed with no added HPs under nucleic acid-depleted conditions (dotted line, 24.5% for ME7 and 18.1% for mBSE), even when the input amounts were increased to 1000 g/ml (filled squares). These results suggested that the sulfate groups on HP are critical for the conversion of Bac-PrP into Bac-PrP res . Furthermore, the diminished ability of DeN HP and DeO HP to induce Bac-PrP res conversion could be compensated for by increasing the amounts of the input. This finding suggested that the adequate amount of sulfate groups required for inducing the conversion to Bac-PrP Sc does not have to be present on a single HP molecule and that the conversion can be promoted by the interaction of multiple low sulfated HP molecules with Bac-PrP and/or Bac-PrP Sc through the sulfate groups from each molecule. HP Binds to Both Bac-PrP and Bac-PrP Sc -We investigated whether GAGs bound to Bac-PrP and/or Bac-PrP res by employing a binding assay that was performed using HP-conjugated agarose beads. The iPMCA reaction mixtures before and after the reaction were incubated with HP-conjugated beads, and after centrifuging the samples, the distributions of Bac-PrP or Bac-PrP res between the pellet (HP-bound fraction) and the supernatant (unbound fraction) were determined through densitometric quantification of their signals in WB analysis. When the sample tested was the iPMCA reaction mixture before the reaction, which contained only Bac-PrP, 40% of the input Bac-PrP was located in the HP-bound fraction, but only 10% of the input Bac-PrP was in the control FLAG-bead fraction (left columns; Fig. 4 ), and the difference was statistically significant. Notably, the amount of Bac-PrP in the HP-bound fraction was decreased to 20% when an excess amount of free normal HP (NM; Fig. 4 ) was added. By contrast, when NaDO HP was added to the mixture, the binding rate of Bac-PrP with HP was 38%, and no significant difference was observed between the NaDO HP addition and no addition. These results strongly suggested that Bac-PrP specifically bound to HP. Next, we performed the HP-binding assay by using the PK-digested reaction mixture after ME7-seeded iPMCA (right columns; Fig. 4 ). This sample did not contain Bac-PrP because of the digestion with PK and contained only the PK-resistant core of Bac-PrP res . Approxi-mately 60% of the PK-resistant core of Bac-PrP res was contained in the HP-bound fraction, but only ϳ10% of it was in the FLAG-bead fraction. The amount of the PK-resistant core of Bac-PrP res in the HP-bound faction was reduced substantially, to ϳ10%, when free HP was added, but NaDO HP addition did not markedly affect the binding of the PK-resistant core to HPagarose beads. These results suggested that both the PK-resistant core of Bac-PrP res and Bac-PrP specifically bound to HP and that of the two, the truncated Bac-PrP res bound more efficiently to HP. Furthermore, in the case of the non-treated iPMCA mixtures after the reaction, which included both Bac-PrP and fulllength Bac-PrP res , the binding rates measured for each experimental group were between those of Bac-PrP and the PK-resistant core of Bac-PrP res (middle columns; Fig. 4 ), which suggested that full-length Bac-PrP res also specifically bound to HP.
HS and HP Can Substitute for Nucleic Acids in Promoting the Propagation of Infectious Bac-PrP Sc in iPMCA-We investigated whether the products generated from iPMCA performed using HS and HP instead of nucleic acids were infectious. We collected the products generated from 13 rounds of ME7-and mBSE-seeded iPMCA performed with HP or HS added under nucleic acid-depleted conditions and intracerebrally inoculated the products into Tga20 mice. This resulted in the development of clinical symptoms and death in the case of all inoculated mice ( Table 1 ). However, the mice inoculated with the products from both ME7-and mBSE-seeded iPMCA performed with HP or HS under nucleic acid-depleted conditions survived significantly longer than did the mice inoculated with the product from the non-treated iPMCA, although the Bac-PrP res amounts in each inoculum did not differ considerably (data not shown). By contrast, survival times did not differ in a statistically significant manner between mice that were inoculated with the products of iPMCA performed with PA or non-treated iPMCA in the case of both of ME7 and mBSE. Last, we investigated the biochemical properties of the PrP Sc accumulated in the brain of mice inoculated with each PMCA product. The banding patterns in WB analysis (Fig. 5A ) and the PK susceptibility ( Fig. 5B ) of PrP Sc from the mice inoculated with each iPMCA product were identical or nearly identical to each other in the case of both ME7 and mBSE. These results suggested that HS and HP functioned similarly as the nucleic acids did in promoting faithful prion replication in vitro.
Discussion
Nucleic acids play a crucial role in prion replication in PMCA (5, 25, 26, 39) . Here, we showed that GAG addition into the reaction mixtures improved the Bac-PrP res amplification that was blocked through nucleic acid depletion in iPMCA. However, all GAGs did not equally influence prion replication, and HS and its analog HP were found to completely restore the replication of three prion strains, ME7, Chandler, and mBSE. This result suggests that HS and HP perform the same function as nucleic acids in prion replication in vitro. HS and HP have been known to promote PrP conversion into a PrP Sc -like form in in vitro cell-free conversion assays (10, 12) ; however, we have demonstrated for the first time that HS and HP are critical for the replication of infectious prions. Furthermore, our study revealed that the HS and HP concentrations required to induce the conversion differed between prion strains. We also showed that HP bound, through its sulfate groups, to both Bac-PrP and Bac-PrP Sc (whose N-terminal region was truncated) and that the sulfation was crucial for the conversion to Bac-PrP Sc . These , and the PK-digested reaction solution after PMCA (Bac-PrP Sc , PK-resistant core). After centrifugation, WB was performed to analyze the HP-agarose beads and supernatants, and the band intensities of each fraction were quantified using a ChemiImager. The HP-binding rates are shown as the ratio of Bac-PrP and/or Bac-PrP Sc in the bead fraction to total Bac-PrP and/or Bac-PrP Sc . Free normal HP (NM) or NaDO was added into the mixtures of each iPMCA reaction solution and the HPagarose beads during the incubation. Each iPMCA reaction solution was incubated with FLAG-beads (FLAG) as a control. Open circles indicate the binding rates from individual experiments; bars, mean of the binding rates of independent experiments; error bars, S.D. * and #, p Ͻ 0.01 (versus without any addition and with addition of free NaDO HP, respectively, in HP-agarose beads). ** and ##, p Ͻ 0.001 (versus without any addition and with the addition of free NaDO HP, respectively, in HP-agarose beads). NS and #NS, no significant difference between non-addition and the addition of free NaDO HP and between the addition of free normal HP and the addition of NaDO HP, respectively.
TABLE 1 Mean survival times of Tga20 mice following intracerebral inoculation
The final dilutions of the ME7 and mBSE seeds in the "seed" samples were 1 ϫ 10 Ϫ15 . results suggest that HS and HP function in prion replication by binding to PrP C and/or PrP Sc through the sulfate groups in HS and HP. HS is present in the brain and is colocalized with amyloid plaques in the brain in prion diseases (31) and Alzheimer's disease (32, 40) . Furthermore, HS localizes on the plasma membrane and in the extracellular matrix, and HS chains that exist as membrane-anchored proteoglycans enter the endocytic pathway following incorporation into a cell through endocytosis. PrP C conversion into PrP Sc is considered to occur either on the cell surface or in an endocytic pathway compartment, such as the lysosome or recycling endosome, mainly in the CNS (41, 42) . Consequently, the histological localization and subcellular localization of HS coincide with the sites where PrP Sc conversion occurs. These findings strongly suggest that HS plays a key role in PrP Sc replication in vivo as a cofactor in the cell membrane environment of the CNS. This suggestion is supported by recent data showing that following scrapie infection, heparanase-overexpressing transgenic mice survive considerably longer than control mice (43) . Horonchik et al. (44) have previously shown that HS can serve as a cellular receptor for prion uptake, and, therefore, HS might play a dual role, as a cofactor for PrP Sc conversion and as a receptor for prion uptake into cells.
Inoculum
HP, the hypersulfated form of HS, also stimulates faithful prion replication in iPMCA. However, we do not consider HP to be involved in PrP Sc replication in the brain because almost no HP is detected in the brain (45) . By contrast, CSA, CSB, and CSC, which stimulate the conversion of Bac-PrP into a PrP Sclike form, might be involved in PrP Sc replication in the brain. CSA and CSC are mainly present in cartilage and in the cornea, and much of CSB is contained in the skin. However, these CSs are also contained in the mammalian brain and are mainly detected in the brain extracellular matrix. In the nervous system, CSs are known to be involved in mediating various physiological effects (29, 46) and are suggested to be involved in prion infection in the brain in cattle (45) . These findings suggest that CSs might also facilitate PrP C conversion into PrP Sc in the CNS. Furthermore, our results showed that the abilities of CSA, CSB, and CSC to stimulate Bac-PrP Sc conversion differed according to prion strains; therefore, this strain-dependent difference in CS ability to promote PrP C conversion to PrP Sc might represent one of the underlying causes of strain-specific differences in neuropathology.
The binding of HP and HS has been reported to increase the thermal stability, ␤-sheet structure, or PK resistance of recPrP (12, 47, 48) and alter the solubility of recPrP (38) ; these findings suggest that PrP C binding to HS and HP induces a conformational change in PrP C . Therefore, Bac-PrP binding to HP and HS might also induce a conformational change in Bac-PrP and contribute to the conversion of Bac-PrP into Bac-PrP Sc . Moreover, because HP also bound to Bac-PrP Sc , this binding to Bac-PrP Sc might further promote the conversion to Bac-PrP Sc by affecting the structure of the template PrP Sc . Low molecular weight HP (3 kDa) was shown to bind to recPrP in a 1:1 ratio at pH 7.4 (49) , and we found that low molecular weight HP stimulated the conversion to Bac-PrP res (Fig. 3A) ; these results suggest that the binding of Bac-PrP and HP at a ratio of at least 1:1 might be required for the conversion to Bac-PrP Sc . The average molecular masses of HS and HP are 10 -70 and 10 -20 kDa, respectively, and thus the linear chain structure of these GAGs might enable PrP C and PrP Sc to be efficiently positioned near each other on the GAGs; such proximity between the molecules might further enhance the conversion efficiencies.
PrP C and recPrP were reported to bind to HP through the octarepeat region (50), the 120 -130-amino acid region, or the lysine-rich region. Here, we found that, relative to Bac-PrP, N-terminally truncated Bac-PrP Sc bound to HP as efficiently or more efficiently. This result suggests that the N-terminal region of Bac-PrP Sc might not be necessary for HP binding and that Bac-PrP Sc could potentially be capable of efficiently binding to HP through other regions. A previous study showed that murine recPrP lacking residues 23-99 bound to HP at pH 5.5 but not pH 7.4 (51), whereas we found that N-terminal-truncated Bac-PrP Sc bound to HP at pH 7.4; thus, the HP-binding site of N-terminally truncated Bac-PrP Sc could be the same as the binding region of murine recPrP at pH 5.5, which might be buried inside the molecule at pH 7.4. The HP-binding region of N-terminally truncated Bac-PrP Sc is considered to be exposed to the outside through a conformational change from Bac-PrP, although the region is normally buried in the protein core in Bac-PrP. This region might be the 120 -130-amino acid region or the lysine-rich region. Alternatively, the HP-binding regions or the HP-binding modes of Bac-PrP Sc might differ from those of PrP C or recPrP, because the conformation of PrP Sc is completely different from the conformations of those proteins. Identification of the binding regions of PrP Sc is considered to be critical for elucidating the role of PrP Sc in the conversion. Conversely, PrP C and recPrP were reported to directly bind to GAGs containing HP (12, 47, 52) , but whether Bac-PrP Sc directly binds to HP is unknown because iPMCA reaction mixtures contain numerous biomolecules. Thus, the mode of PrP Sc binding to HP must be investigated to clarify the conversion mechanism. However, we cannot exclude the possibility that Bac-PrP Sc interacts with GAGs, such as HP, in a manner distinct from the aforementioned manner of binding. Bac-PrP Sc can form a multimeric complex and therefore holds the potential for multivalency, which would probably increase the affinity even if the individual binding sites in the PK-resistant core exhibit low avidity.
Phosphatidylethanolamine was shown to be adequate by itself for amplifying infectious mouse PrP Sc in PMCA in the presence of PrP Sc seeds (14) . However, the PrP Sc amplified through PMCA performed using phosphatidylethanolamine alone did not preserve the prion strain characteristics of the input PrP Sc (53) . Synthetic phospholipids and RNA induced the spontaneous generation of two types of prions in Escherichia coli recPrP-based PMCA, and their prion strain characteristics appeared to be unchanged during the serial amplification (8, 54, 55) . Our study suggests that polyanions such as GAGs and nucleic acids were essential for accurate in vitro replication of prions in PMCA performed using Bac-PrP. These findings suggest that phosphatidylethanolamine alone is inadequate for faithful in vitro replication of prions and that this replication requires polyanions such as nucleic acids and GAGs.
In conclusion, the findings of this study show that HS and HP stimulate faithful prion replication in PMCA performed using Bac-PrP and that this is mediated by the binding of HS and HP to PrP C and/or PrP Sc through the sulfate groups in the GAGs. These results suggest that HS might play a critical role in PrP C conversion into PrP Sc in the in vivo cell membrane environment. However, Bac-PrP conversion into Bac-PrP Sc in PMCA is not induced with the use of GAGs alone (data not shown), and thus additional cofactors are probably required for the conversion. The Bac-PrP-based PMCA system used here could facilitate the identification of these other cofactors involved in prion replication. If all of the cofactors involved in prion replication in PMCA can be identified, considerable progress would be made in the elucidation of the mechanism underlying the in vivo conversion of PrP C into PrP Sc .
Experimental Procedures
Ethics Statement-The animal experiments were approved by the Committee of Animal Experiments of the National Institute of Animal Health (approval numbers 11-008 and 13-005) and were performed in accordance with the Guideline for Animal Experiments at the Ministry of Agriculture, Forestry, and Fisheries of Japan.
Reagents-The following reagents were from commercial sources: synthetic PA (P9403), HA (H1504), CSA (C9819), CSB (C3788), HP (H3393), and HS (H7640) from Sigma; CSC (08815-84) from Nacalai Tesque (Kyoto, Japan); keratan sulfate (400760) from Seikagaku Biobusiness (Tokyo, Japan); HP disaccharide I-S, sodium salt (H1001), DeN HP (heparin I-H; H3001), and NaDO HP (heparin IV-A; H3004) from Dextra Laboratories (Reading, UK); DeO HP (GT6011) from Neoparin (Alameda, CA); and low molecular weight HP (194114) from MP Biomedicals (Santa Ana, CA).
Preparation of PrP C Source-Immobilized metal affinity chromatography (IMAC)-purified Bac-PrP was used as the PrP C source for PMCA. IMAC purification was performed as described in our previous report (56) . After washing in 1ϫ PBS, insect cells expressing Bac-PrP (1 ϫ 10 8 cells) were suspended in 36 ml of lysis buffer (1ϫ PBS, 300 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate) containing an EDTA-free protease/ inhibitor mixture (Nacalai Tesque). Cells were disrupted by sonication for 2 min, using an ice-cold ultrasonic bath sonicator (Bioruptor; Cosmo Bio, Tokyo, Japan), incubated on ice for 60 min, and then centrifuged at 12,000 ϫ g for 90 min at 4°C. The supernatant fraction was filtered through a 0.45-m filter. The clarified supernatant was loaded onto a His TALON TM superflow cartridge (Clontech, Mountain View, CA) equilibrated with 10 ml of equilibration buffer (1ϫ PBS, 300 mM NaCl, 1% Triton X-100), after which the cartridge was washed with 10 ml of equilibration buffer and 20 ml of wash buffer (1ϫ PBS, 300 mM NaCl, 2 mM imidazole, 1% Triton X-100). Last, Bac-PrP was eluted in 5 ml of elution buffer (1ϫ PBS, 300 mM NaCl, 500 mM imidazole, 1% Triton X-100) containing the EDTA-free protease/inhibitor mixture, and the concentration of eluted Bac-PrP was adjusted to 100 ng/l with elution buffer. The IMAC-purified Bac-PrP was ϳ37% pure (56) .
PrP Sc Seeds-The mouse-adapted scrapie strains ME7 and Chandler and mouse-adapted typical BSE (mBSE) were used as PrP Sc seeds. These prion strains were propagated in ICR mice. The brains of mice at the terminal stage of the disease were homogenized at 10% concentration (w/v) in 1ϫ PBS, and the 10% BHs were also further diluted to 1% (w/v) with 1ϫ PBS; both homogenates were stored at Ϫ80°C after aliquoting.
Insect Cell PMCA-We performed iPMCA by using an automatic cross-ultrasonic protein-activating apparatus (ELESTEIN 070-GOT, Elekon Science Corp., Chiba, Japan), as reported previously (26) . Amplification was performed with 32 cycles of sonication (pulse oscillation for 3 s, repeated five times at intervals of 0.1 s), and this was followed by incubation at 37°C for 30 min with gentle agitation. The PK-and heattreated High Five cell lysate (Life Technologies, Inc., Carlsbad, CA) was used as a conversion inducer. We mixed 500 l of the High Five cell suspension (5 ϫ 10 4 /l in distilled water) with 500 l of 2ϫ PMCA buffer (2ϫ PBS, 8 mM EDTA, 2% Triton X-100) and added PK to the mixtures to a final concentration of 100 g/ml. Following sonication for 1 min, the cell lysate was incubated at 37°C for 1 h and then heated at 100°C for 2.5 h to inactivate PK; the resultant cell lysate was designated as PHCL. The reaction mixture was prepared by mixing 2 l of IMACpurified Bac-PrP (ϳ100 ng/l), 10 l of PHCL, and 90 l of 1ϫ PBS containing 4 mM EDTA and 0.25% Triton X-100. To each iPMCA reaction mixture, we added 1 l of the 1% infected BHs as a PrP Sc seed. The amplified products obtained after the first round of amplification were diluted 1:10 with each PrP C substrate, and a second round of amplification was performed. This process was repeated when necessary.
Western Blotting-The PMCA products were digested with 50 g/ml PK at 37°C for 1 h, following which an equal volume of 2ϫ SDS sample buffer was added, and the samples were boiled for 5 min. The samples were separated by performing SDS-PAGE in NuPAGE 12% BisTris gels (Life Technologies) and then transferred onto PVDF membranes. The membranes were probed with the anti-PrP HRP-conjugated monoclonal antibody T2 (57) and developed with SuperSignal West Dura Extended Duration Substrate (Pierce), and the chemiluminescence signals were detected using a ChemiImager (Alpha Inno-Tec, San Leandro, CA).
Enzyme Treatment of PHCL-Chondroitinase ABC (Sigma) was added to PHCL at a final concentration of 1 unit/ml, and heparinase II (New England Biolabs, Ipswich, MA) was added together with the supplied reaction buffer at a final concentration of 160 units/ml. Benzonase (Novagen, Madison, WI) was added together with 2 mM MgCl 2 at a final concentration of 1000 units/ml. After these enzymes were added, the PHCLs were incubated at 37 or 30°C (for heparinase II) overnight with shaking (850 rpm) and then heat-treated at 100°C for 10 min to inactivate the enzymes. Subsequently, each enzyme-treated PHCL was used for PMCA. To detect the GAGs contained in the PHCLs, an equal volume of 2ϫ SDS sample buffer was added to the samples and boiled for 5 min, and the samples were separated by performing SDS-PAGE in NuPAGE 12% BisTris gels. The GAGs in the gels were visualized by staining (1 h, room temperature) with a solution of 0.125% (v/v) Alcian blue dissolved in 25% (v/v) ethanol and 10% (v/v) acetic acid. The same solution without the dye was used for destaining.
HP-binding Assay-We mixed 20 l of HP-agarose resin (Sigma), which was prewashed with PBS, with 40 l of nontreated or PK-digested iPMCA reaction mixtures and incubated the samples at room temperature for 1 h with gentle shaking. After incubation, empty microspin columns (Hoefer, Holliston, MA) were filled with the agarose suspension, and the columns were centrifuged at 1500 ϫ g for 5 min, and the flowthrough was recovered. Next, 40 l of a solution containing 0.1% Triton X-100, 1ϫ PBS, and 4 mM EDTA was added into the columns, and the agarose suspension was collected into microtubes by centrifuging the columns upside down. Last, 40 l of 2ϫ SDS sample buffer was added to the flow-through and to the agarose suspension, and 15 l of each mixture was subjected to WB analysis. The blots were analyzed densitometrically using ChemiImager software.
Bioassay-The PMCA products subjected to the bioassay were prepared as follows. We added 1 l of 1% ME7-and mBSE-infected BHs to each reaction mixture of iPMCA together with 40 g/ml PA, 25 g/ml HP, or 500 g/ml HS under nucleic acid-depleted conditions and then performed one round of PMCA. Next, the process of 10-fold dilution of the PMCA product and its subsequent amplification was repeated 12 times. The PMCA products were diluted 1:10 with 1ϫ PBS, and 20 l of each diluted sample was injected intracerebrally into 3-5-week-old Tga20 mice overexpressing murine PrP; the mice were injected under sevoflurane anesthesia. All mice were then housed in a biosafety level 3 room of our animal facility, and their clinical status was monitored at least 3 times/week. The animals were euthanized by using a sevoflurane overdose either following evidence of progressive neurologic dysfunction or Ͼ600 days after inoculation in the case of mice that showed no neurological disease symptoms, and then the brains were removed. The right hemisphere of the brain was fixed in formalin for histopathological analysis, and the left hemisphere was stored at Ϫ80°C for biochemical analysis. The average survival times of the experimental groups were analyzed using one-way analysis of variance and the Tukey-Kramer multiple comparison test.
PK Degradation Assay-To compare the resistance of infected mouse brain-derived PrP Sc to PK digestion, the concentrations of each infected BH were adjusted with 10% Prnp 0/0 BH to obtain similar signal intensities of PrP Sc in WB analysis. These samples were then digested with various concentrations of PK (50 -5000 g/ml) at 37°C for 1 h, following which the enzymatic reaction was stopped by boiling in 1ϫ SDS sample buffer. WB was used to analyze the samples in several independent experiments, and the average PrP Sc signal intensity measured with each sample was expressed as a percentage relative to that in the sample digested with 50 g/ml PK.
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